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The nuclear-to-electron spin angular momentum conversion via hyperfine coupling in a normal
metal (NM)/ferromagnet (FM) bilayer system is theoretically investigated by using the nonequi-
librium Green’s function method. The spin current generated by the nuclear magnetic resonance
(NMR) is found to be enhanced by the pulling effect in the FM when the temperature is lower
than NMR resonance frequency. In a Co/Pt bilayer system, we show that the spin current by NMR
becomes larger than that of the ferromagnetic resonance (FMR).
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Introduction.— Spin current, a flow of electron spins,
is a key concept in the field of spintronics [1]. Gen-
eration of spin current has been demonstrated by us-
ing angular momentum conversion between spin and
various angular momenta in condensed matter such as
magnetization[2], photons[3, 4], the orbital motion of
electrons, and mechanical angular momentum carried by
moving materials[5–7]. In this context, a remaining an-
gular momentum in condensed matter is nuclear spins.
Because a nuclear spin couples to an electron spin via
the hyperfine coupling, the nuclear spin can excite the
nonequilibrium electron spin dynamics, and then, gener-
ate a spin current in principle. However, the interconver-
sion of nuclear spin and electron spin has not been ex-
ploited. One of the reasons for this situation is that the
hyperfine coupling between electron and nuclear spins is
rather small compared to the couplings among electron
spins. In addition, the time scale of nuclear spin is much
slower than that of electron spin.
In order to overcome this difficulty, we consider the am-
plification of the spin current using the pulling effect [8].
As noted above, the modulation of electron spins by the
motion of the nuclear spins is negligible due to the mis-
match of their resonance frequencies. In ferromagnets
with a large density of nuclei at low temperature, how-
ever, the dynamics of electron spins is modulated by the
nuclear spins because the coherent motion of high density
of the nuclear spins is induced. At the nuclear magnetic
resonance (NMR) condition, the electron spins adiabat-
ically follow the nuclear spins. This effect is called the
pulling effect, and in this case, the spin angular momen-
tum of the nuclei transfers to the electrons with high
efficiency since the nuclear and electron spins behave as
a coupled system. Hence, the pulling effect is expected to
amplify the spin current generated by the nuclear spins.
In this article, we theoretically investigate the spin-
current generation due to interconversion of nuclear spins
into electron spins via the hyperfine coupling in a nor-
mal metal (NM)/ferromagnet (FM) bilayer system. We
formulate a spin transport theory driven by the nuclear
spin dynamics in FM using the nonequilibrium Green’s
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FIG. 1. (Color online) Schematic illustration of spin pump-
ing driven by NMR via pulling effect. Here, µB , hA and
hN are the Bohr magneton, anisotropic field and hyperfine
field acting on electron spins, respectively, and Ahf and µN
are coupling constant of hyperfine interaction and the nuclear
magnetic moment, respectively.
function method. It is shown that the spin current gen-
erated at the interface is enhanced by the pulling effect
and takes the maximum value when the temperature is
lower than NMR frequency. In a Co/Pt bilayer system,
it is shown that the spin current generated by NMR at
low temperature is larger than that of the ferromagnetic
resonance (FMR). Our theory provides a new method of
generating the spin current using NMR (MHz frequency
range) larger than that generated by FMR (GHz fre-
quency range).
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2Model.— We consider the spin transport in a bilayer
system, where a normal metal (NM) and a ferromagnet
(FM) are coupled to each other through the s-d exchange
at the interface:
Hint = Jsd
∑
i
σi · Si, (1)
where σi and Si are conduction spin in NM and localized
electron spin in FM on the i-th site at the interface, and
Jsd is the exchange coupling. In addition, localized spins
in FM are coupled to nuclear spins via hyperfine coupling:
HIS = Ahf
∑
j
Ij · Sj , (2)
where Ij is nuclear spin on the i-th site and Ahf is hy-
perfine coupling constant.
The spin current generated at the interface is given
by the rate of change of conduction electron spin in the
NM, IS := 〈IˆS〉 = ~
∑
i〈∂tσzi 〉, where IˆS := ~
∑
i ∂tσ
z
i
is a spin current operator and 〈· · ·〉 := Tr[ρˆ · · · ] denotes
the statistical average with the density matrix ρˆ. By
performing the second-order perturbation with respect
to the interfacial exchange coupling, the generated spin
current is given by:
IS = J
2
sdNint
~2
Re
∫
qkω
[χRqr,ωtG
<
kr′,ωt + χ
<
qr,ωtG
A
kr′,ωt],(3)
where Nint is the number of sites at the interface and
the random average is taken over the impurity posi-
tions at the interface. The lesser (retarded) Green’s
function for conduction electron spin, χ
<(R)
qr,ωt, is de-
fined as χ
<(R)
qr,ωt :=
∫
exp[ik · δr − iωδt]χ<(R)(r +
δr t + δt, r − δr t − δt), χ<(r1t1, r2t2) = −i〈σ−r2t2σ+r1t1〉,
χR(r1t1, r2t2) = −iθ(t1 − t2)〈[σ+r1t1 , σ−r2t2 ]〉, and θ(t) is
the step function. The lesser (advanced) Green’s func-
tion for localized spin, G
<(A)
kr′,ωt, is defined by G
<(A)
kr′,ωt :=∫
exp[ik · δr − iωδt]G<(A)(r + δr t + δt, r − δr t − δt),
G<(r1t1, r2t2) = −i〈S−r2t2S+r1t1〉, and GA(r1t1, r2t2) =
iθ(t2 − t1)〈[S+r1t1 , S−r2t2 ]〉. χRqω is given by [9] χRqω =
χNτsf(1 + λ
2
Nq
2 + iωτsf)
−1, with χN , τsf, and λN being
the paramagnetic susceptibility, the spin-flip relaxation
time, and the spin-diffusion length in NM, respectively.
Let us consider the situation, where conduction elec-
tron spins in the NM are in local thermal equilibrium
whereas localized spins in the FM are excited by nuclear
spins via the hyperfine coupling, describing by δG<. The
spin current is reduced to
IS = J
2
sdNint
~2
∫
qkω
ImχRqωImδG
<
kω. (4)
Spin pumping by pulling effect.— From now on, we
calculate the lesser function of localized electron spin ex-
cited by the pulling effect[8]. A coupled system of local-
ized electron and nuclear spins is modeled by the follow-
ing Hamiltonian: HFM = HS +HI +Hac +HIS, where
HS= J
∑
〈i,j〉
Si · Sj + ~γeh0
∑
j
Szj +
D
2
∑
j
(Szj )
2, (5)
HI= −~γNh0
∑
j
Izj (6)
Hac = −~γNhac
∑
j
(Ixj cos νt+I
y
j sin νt), (7)
where J is the exchange coupling with
∑
〈i,j〉 being the
summation over nearest-neighbor sites, γe is the electron
gyromagnetic ratio, D is magnetic anisotropy constant,
γN is the nuclear gyromagnetic ratio, h0 is a DC exter-
nal magnetic field, and hac and ν are the amplitude and
frequency of the AC magnetic field, respectively.
The dynamics of the local electron and nuclear spins
are given by the Landau-Lifshitz-Gilbert (LLG) equation
and the Bloch equation:
S˙ = γe(S× he) + α
S0
S× S˙, (8)
I˙x,y=γN (I× hI)x,y− I
x,y
T2
, I˙z=γN (I× hI)z− I
z
0−Iz
T1
, (9)
where α is the Gilbert damping constant of the FI, he
and hI are the magnetic fields acting on localized spin
and nuclear spins, and T1 and T2 are the longitudinal and
transverse relaxation times of nuclear spins, respectively.
The magnetic field acting on the j-site localized spin is
calculated by hae,j =
∂(HI+HS)
~γe∂Saj
with a = x, y, z, and thus,
hx,ye,j =
Ahf
~γe
Ix,yj , h
z
e,j = h0 + hA +
Ahf
~γe
Izj , (10)
where hA = D〈Sz〉 is the anisotropic field. Here, we
introduce the thermal and site averaged z-component of
electron spins 〈Sz〉 given by 〈Sz〉 := (Ne)−1
∑Ne
j 〈Szj 〉
with Ne being the total number of sites of electron spins.
Because the localized spin dynamics is much faster
than the nuclear spin dynamics, |γN/γe|  1, the local-
ized spins adiabatically follow the nuclear spins in FM.
In this case, the localized spin can be considered to be
static: S˙ ≈ 0. Then, the transverse component of local-
ized magnetic moment is related to the longitudinal one
as Sx,y = (hx,ye /h
z
e)S
z, and we obtain
S±j =
hN
h0 + hA + hN 〈Iz〉/〈Sz〉I
±
j . (11)
Here, we replace approximately the j dependent z com-
ponent of the nuclear spins Izj by the thermal and site
averaged values as 〈Iz〉 given by 〈Iz〉 := (NI)−1
∑NI
j 〈Izj 〉
with NI being the total number of sites of nuclear spins.
In the above equation S±j and I
±
j are given by S
±
j =
Sxj ± Syj and I±j = Ixj ± Iyj , respectively, and the hyper-
fine field hN is defined as hN := Ahf 〈S〉/(~γe)
3Similarly, the magnetic field hI is calculated by h
a
I,j =
∂(HI+HIS)
~γN∂Iaj
:
h±j (t) = hace
±iνt − Ahf
~γN
S±j , h
z
j = h0 −
Ahf
~γN
Szj , (12)
where h±j = h
x
j ± hyj . Using these relations, the Bloch
equation can be rewritten as
d
dt
I±j = ±i(ν˜NI±j + γNhac〈Iz〉e±iνt)−
I±j
T2
, (13)
where ν˜N is the modified NMR frequency given by ν˜N =
γNh0 + νN (1 + ξ〈Iz〉/〈Sz〉) with νN and ξ being the
bare NMR frequency and enhancement factor defined as
νN := Ahf 〈Sz〉/~ and ξ := S±j /I±j , respectively. Insert-
ing I±(t) =
∫∞
−∞ dν/2piI
±
ν e
iνt into Eq. (13), we have
I±ν = ∓
〈Iz〉γNhace±iνt
ν ± ν˜N + iT−12
. (14)
Using Eqs. (11) and (14), the lesser Green’s function δG<
is given by
δG<kω = −i
∣∣∣ ξγNhac〈Iz〉
ν + ν˜N + iT
−1
2
∣∣∣2δ(ω − ν). (15)
By inserting this equation into Eq. (4), we obtain the
spin current generated by nuclear spin dynamics:
IPullS =
J2sdNint
~2
∫
q
ImχRqν
(ξγNhac〈Iz〉)2
(ν + ν˜N )2 + (1/T2)2
. (16)
At the resonance condition ν = −γN h˜z, Eq. (16) re-
duces to
IPullS =−Gs(ν˜N )Aint(〈Iz〉ξ)2ν˜N (T2)2(γNhac)2 (17)
where Aint is the surface area of the interface expressed
by Aint = Nintaint with aint being the unit surface
area of the interface, and Gs(ν˜N ) is given by Gs(ν˜N ) =
(J2sd/~)a
−1
int
∫
q
ImχRqν˜N /ν˜N .
Equation (17) shows that NMR spin pumping is pro-
portional to the square of the transverse relaxation time
T2. Because the transverse components of nuclear spins
relax to the thermal equilibrium state during T2, the long
T2 leads to the strong non-equilibrium state and enhances
the nuclear spin pumping.
The temperature dependence of the nuclear spin
pumping is determined mainly by (〈Iz〉ξ)2 in Eq. (17).
Here, we calculate the z-component of nuclear spin 〈Iz〉
in mean field approximation given by
〈Iz〉=I0
[2I0 + 1
2I0
coth
(2I0 + 1
2
x
)
− 1
2I0
coth
x
2
]
,(18)
where I0 is nuclear spin value and x is defined as x :=
~ν˜z/(kBT ). When the temperature T is lower than T ∗
given by T ∗ := ~ν˜N/kB , the nuclear spins are fully po-
larized and 〈Iz〉 becomes I0. Because the factor (〈Iz〉ξ)2
FIG. 2. (Color online) (a) Spin current signal IPullS plotted
as a function of T and h0 for a Co/Pt bilayer system. The
plotted spin current is scaled by FMR spin pumping IFMRS =
1.2 × 107 A/m2. (b) Temperature dependence of IPullS at a
fixed magnetic field h0 = 1 mT.
is an increasing function of 〈Iz〉, NMR spin pumping is
enhanced for T  T ∗. By contrast, when the temper-
ature T is higher than T ∗, the temperature and mag-
netic field dependence of NMR spin current is obtained
as IPullS ∝ (|hN | − h0)3/h02T 2.
Amplification of NMR spin pumping.— Now we es-
timate the spin current (17) for a bilayer system of the
cobalt and platinum (Co/Pt) where Co and Pt are FM
and NM layers, respectively. To evaluate Eq. (17), we
combine Eq. (17) with the spin current driven by FMR.
Following Ref. 10, we obtain the spin current driven by
FMR as follows:
IFMRS = Gs(ω0)Aint〈Sz〉2
(γehac)
2
α2ω0
, (19)
where α is the Gilbert damping constant given by α =
α0+δα, with α0 and δα being the intrinsic and additional
terms due to the spin pumping, and ω0 is FMR frequency
expressed by ω0 = γe(h0 + hA). We introduce Gs(ω0) as
Gs(ω0) := (J
2
sd/~)a
−1
int
∫
q
ImχRqω0/ω0.
Using the material parameters in a Co/Pt system[15]
as α = 0.014, hac = 0.11 mT, γeh0 = 2pi× 9.75 GHz and
IFMRS = 1.2 × 107 A/m2, we obtain J2sdχN/aint ≈ 5.2 ×
1017 eV/m2. Combining these parameters and the pa-
rameters for 59Co in the fcc cobalt, γN = 6.3015 kHz/Oe,
〈Sz〉 = 0.85[12], I0 = 7/2 , hA = 125 Oe at 3 K[8, 13],
hN ≈ 20 T, T2 = 20 × 10−6 s [14], T ∗ ≈ 10 mK and
the spin current generated from NMR at T = 10 mK and
h0 = 1 mT is IPullS = 1.5× 1015 × h2ac A/(T·m2).
Substituting hac = 0.11 mT into this result, we show
the temperature and magnetic field dependence of nu-
clear spin pumping IPullS for a Co/Pt system in Fig. 2(a),
where the spin current is normalized by FMR spin pump-
ing IFMRS . In the region of low temperature or magnetic
field (red colored region), the spin current driven by NMR
4becomes larger than that of FMR. In 2(b), we show the
temperature dependence of IPullS at a fixed magnetic field
h0 = 1 mT. The NMR spin pumping is a decreasing
function of the temperature. We obtain the NMR spin
current as |IPullS | = 1.9 × 107 A/m2 at T = 10 mK and
h0 = 1 mT. Comparing |IPullS | with the FMR spin pump-
ing in a Co/Pt system IFMRS [15], the NMR spin pumping
at T = 10 mK and h0 = 1 mT is amplified to about 1.5
times larger than that of the FMR spin pumping. Note
that FMR spin pumping in a Co/Pt system is almost
independent of temperature [16].
The enhancement of NMR spin pumping in a Co/Pt
system at low temperature is obtained the competition of
the gyromagnetic ratios and relaxation times of the nu-
clear and electron spins. Comparing Eqs. (17) with (19),
we obtain the ratio of IPullS to IFMRS as IPullS /IFMRS ≈
(ξ〈Iz〉/〈Sz〉)2(γN/γe)2α(T2/TFMR), where we introduce
the relaxation time of FMR TFMR as TFMR = [(α0 +
δα)ω0]
−1. Considering TFMR calculated as TFMR ≈
10−8 s, we find IPullS /IFMRS ≈ C(ξ〈Iz〉/〈Sz〉)2 with C
being the numerical constant of the order of 1. It is ex-
pected that the ratio of IPullS to IFMRS is enhanced in FM
with large α and long T2.
Conclusion.— In this article, we have investigated
spin-current generation by nuclear spin dynamics via hy-
perfine coupling in a normal metal (NM)/ferromagnet
(FM) bilayer system. We have formulated spin trans-
port theory using the nonequilibrium Green’s function
method. The spin current generated at the interface is
found to be enhanced by the pulling effect and is max-
imized at the temperature lower than NMR resonance
frequency. In a Co/Pt system, we have predicted the
amplification of the NMR spin current generation. Our
theory reveals a new mechanism of angular momentum
conversion in condensed matter systems, and suggests a
new method of generating the spin current using NMR
(MHz frequency range) which is larger than that gener-
ated by FMR (GHz frequency range).
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